The semiconductor industry is on the threshold of using extreme ultraviolet (EUV) lithography in high volume manufacturing (HVM). Nevertheless, there are several areas where improvement in this lithographic technology would be very beneficial, most notably exposure tool reliability (particularly the light source) and mask contamination. These areas have important consequences for productivity. Future generations of EUV lithography are expected, but there are several challenges to be overcome, particularly in the areas of resists and computational lithography. A replacement for chemically amplified resists may be required. Regardless of resist type, exposure doses must be sufficiently high to prevent photon shot noise from causing high levels of yield loss. Computational lithography for next generation EUV lithography will be very complex.
INTRODUCTION
EUV lithography was conceived as a potential successor to optical lithography in the late 1980's. 1 Now, after decades of research and development, the semiconductor industry is poised to use this lithographic technology in high volume manufacturing. Nevertheless, improvements in a few areas, particularly exposure tool reliability and mask contamination, would greatly increase the cost-effectiveness of EUV lithography. There is great potential for additional generations of EUV lithography, but realizing these requires that several technical challenges be addressed. Of course, it has always been true that engineers need to solve complex and interesting problems in order to realize every new generation of lithographic technology. For EUV lithography, the problems to be solved are formidable, but soluble.
THE CHALLENGES OF FIRST GENERATION EUV LITHOGRAPHY

What constitutes first generation EUV lithography
It appears that logic makers will be the first companies to introduce EUV lithography, at the foundry 7-nm node. Since much of the technology development for this node will have been done using optical lithography, a minimum metal pitch of 40 nm is anticipated, as this is the practical limit for patterning approaches such as self-aligned double patterning (SADP). A tighter metal pitch would require self-aligned quadruple patterning (SAQP) or a similarly complex patterning approach. For EUV lithography, 40-nm pitch can be done with k1 = 0.49, which is large compared to k1 values used for several of the most recent generations of optical lithography. This means that engineers can address some of the practical aspects of EUV lithography at the point of introduction to HVM, while pushing the limits of resolution can be deferred until the second generation. Exposure tool reliability and mask contamination are two of these practical considerations that will be discussed further in this paper.
Exposure tool reliability
The light source for EUV lithography has long been recognized as a technical challenge. Prior generations of lithographic technology were practiced at wavelengths where there were source of intense and narrow-band light, such as the spectral lines of mercury or wavelengths achievable with excimer lasers. On the other hand, EUV lithography must necessarily be practiced at a wavelength where there are high-reflectance multi-layer reflectors. This has led to complex EUV light sources, where EUV light is produced from plasmas generated from tin droplets and intense pulses of infrared light.
Second, the source efficiency continuously degrades as tin droplets and other debris land on the condenser mirror. Third, it has been difficult to achieve the high power needed for good exposure tool throughput with doses high enough to void high levels of stochastics-induced defects.
Good equipment reliability is important for cost-effective manufacturing. Equipment downtime directly reduces the return on capital investment, which is considerable for EUV exposure tools. There are also direct maintenance costs, such as salaries for highly skilled maintenance technicians and investment in spare parts inventories. Equipment reliability also has an impact on rework and cycle time. Improvement of EUV exposure tool reliability is expected to be a problem requiring continuing engineering attention past the first use of EUV lithography in HVM.
Mask contamination
Although EUV pellicles comprised of very thin films were conceptualized many years ago, 3 only recently has concerted engineering effort been applied to bringing such pellicles to practice. 4 While there has been excellent progress in the development of EUV pellicles, 5 production-worthy EUV pellicles have not yet been produced in volume and are not yet available from a commercial source. The characteristics of HVM quality pellicles are summarized in Table 1 . Because pellicles are currently unavailable for EUV lithography, other measures need to be taken to deal with contamination that can occur during mask transport and usage. Such contamination can indeed occur, and it has been observed by practitioners of EUV lithography to occur with sufficient frequency to justify concern for repeating defects that can reduce yield significantly. 6 The potential for contamination of masks with such defects requires procedures to ensure good yield.
One method for ensuring that product wafers with repeating defects are reworked and not etched is to expose special wafers which are designed to provide good sensitivity for defect detection. The flow of such a qualification process is shown in Fig. 1 . It should be noted that such an approach was adopted for early stepper lithography, 7 before pellicles became widely available or for qualifying masks with pellicles, before mask inspection tools could inspect pelliclized reticles. Now, as then, the need for qualifying reticles to be defect free is highly disruptive to production flows, and pellicles, when available, are expected to greatly improve the productivity of EUV lithography.
SECOND GENERATION EUV LITHOGRAPHY
Overview
Once the practical issues described in the prior section are solved, thereby enabling a productive first generation of EUV lithography, there will be significant new challenges associated with the second generation. This is in contrast to what transpired during prior transitions in lithographic technology. For example, in going from i-line to DUV lithography, several noteworthy issues had to be addressed, such as the poisoning of chemically amplified resists (see Fig. 2 ) and the development of reliable KrF excimer lasers. After these problems were solved, the next generation of DUV lithography still required that new problems be solved, such as the design and fabrication of higher NA lenses, and improvements in overlay were needed to meet scaling requirements, but the difficulty of these problems did not rise to the same level as those required to enable first generation DUV lithography, such as the introduction of a new type of photoresist. On the other hand, second generation EUV lithography will require the solution to several very difficult problems. Two of these, involving resists and computational lithography, will be discussed further in this section. Figure 1 . Process flow for checking for defects on EUV masks that lead to repeating defects on wafers Figure 2 . T-topping in a DUV resist that resulted from poisoning by airborne amines.
EUV resists
Defects induced by stochastics become very significant as dimensions shrink. In prior work, it was seen that defect densities increased exponentially with feature size, 8 increasing orders of magnitude in going from the dimensions associated with the foundry 7-nm node to those anticipated with the 5-nm node. (Fig. 3 ) This is in stark contrast to prior defect models, where defect rates were projected to scale geometrically to the third power of the defect size. 9 With such models with geometric scaling, the defect rate would be expected to increase only ~3× from node to node. If we assume that the metal pitch for the 7-nm node is 40 nm, then a full node shrink involves a metal pitch ≤ 28 nm. Yielding even simple test structures at such dimensions has yet to be achieved with densely-patterned areas of multiple mm 2 . One of the reasons that resists supporting dimensions appropriate for the 5-nm node failed to yield was an artificial constraint of low exposure doses, which time after time resulted in processes with high levels of defects resulting from photon shot noise. It has been noted previously that there are trade-offs among resolution, exposure dose and process control (LER/CD uniformity/stochastics-induced defects), and that two of these may be chosen; the third is then constrained by those choices. 10 For processes intended for manufacturing, process control must be one of the choices, as yielding 
-nm node
Resolution product is the ultimate goal of manufacturing. As already noted, the resolution requirements for the 7-nm node are not very tight, so exposure doses can be somewhat low. (Fig. 4) The 5-nm node requires higher resolution, so exposure doses will need to be increased. All data are consistent with it not being possible to yield tight pitches with doses < 60 mJ/cm 2 due to photon shot noise. However, even using high exposure doses, yielding with chemically amplified resists still has proven elusive. This is seen in Fig. 5 , where multiple chemically amplified resists were exposed on the microexposure tool (MET) at Lawrence Berkeley National Laboratory. At low doses, the minimum LER is consistent with it being limited by photon shot noise. At higher doses, there appears to be a floor to how low LER goes, and the photon shot noise limit is never achieved. This indicates that there is also a materials-related contribution to LER.
It might be postulated that the data in Fig. 5 did not represent a fundamental materials issue, but merely reflected the specific choices of chemicals by the suppliers who provided the resists. That there is indeed a fundamental issue with chemically amplified resists was confirmed by the simulation study of Smith, et al., in which the LER behavior of a wide array of virtual resists was analyzed.
11
This study also produced a similar floor to LER at higher doses. To the extent that the models used by Smith and coworkers accurately characterized chemically amplified resists, this further indicates a fundamental materials limitation for chemical amplified resists.
The relevant stochastic noise pertinent to photons relates to the absorbed photons, not just the incident ones. Increasing the optical absorption of EUV resists can help reduce the yield impact of photon statistics without a direct increase in exposure doses. Chemical elements that are highly absorbing at EUV wavelengths are typically not used to make resists, 12 so new chemistry needs to be explored. Many of these elements are considered chemical contaminates in semiconductor processing, so contamination issues will need to be addressed if such elements are incorporated into EUV resists. Nevertheless, increasing the optical absorption of EUV resists will likely produce important benefits for resists used at the 5-nm node.
Fluctuations in resists at the molecular and mesomolecular level have been noted for some time, 13 so it is not surprising that such fluctuations should contribute to LER and stochastics-induced defects. Chemically amplified resists are multicomponent, and there can be fluctuations and inhomogeneities for all components. This suggests that chemically amplified resists are particularly prone to stochastic fluctuations. Figure 5 . LER versus dose for resist exposed on an 0.3 NA microexposure tool at LBNL. Each diamond represents the result from an individual resist sample. The solid line is the LER estimated from a simple photon shot noise model. 14 For over two decades, chemically amplified resists have been the workhorses for advanced semiconductor lithography. However, the time appears to be approaching when a new resist platform is needed. Some key characteristics of a suitable replacement are listed in Table 2 . Since moderately high doses will be required to avoid excessive photon shot noise, the primary advantage of chemical amplification -sensitivity at low doses -becomes moot. Of course, excessively high doses result in a situation where EUV lithography will not be cost-effective, so some attention will still need to be paid to exposure doses. What is considered a cost-effective dose will depend on progress for increasing EUV source power. Table 2 . Characteristics of high resolution resists.
Characteristic
Few components (one is best)
Individual components need to be small
Moderate doses
Computational lithography
Early proponents of EUV lithography contended that the relative of simplicity of OPC was an advantage of EUV lithography relative to optical lithography. 15 This is true in the sense that complex shapes -jogs and serifs -have been less necessary for EUV lithography compared to optical lithography. However, the computational lithography problem is far more complex for EUV lithography, because there are many physical phenomena, several of which are unique to EUV lithography, which need to be considered and balanced simultaneously. Phenomena which need consideration for EUV lithography are summarized in Table 3 .
Mask 3D effects are phenomena that are significant for EUV lithography, a difference from optical lithography. Changes in the plane of best focus through pitch have been known for a long time, 16 and the lines comprising 2-bar structures were found to have different planes of best focus when symmetric illumination is used. 17 This latter problem can be ameliorated by using asymmetric illumination. It has also been found that images from different source points can be displaced laterally, resulting in blurred images. 18 This blur can be minimized by suitable restrictions on the illumination, but these need to be balanced with the need to adjust the illumination to maintain good global depth-of-focus.
Pattern shifts through focus have been identified as manifestations of mask 3D effects. 19 Process-window OPC will need to include shifts of the center lines of features, not just edges individually. This sensitivity to focus, particularly when there may be different planes for best focus for different features, indicates that EUV lithography will require very tight focus control. Independent of the mask 3D effects, it has also been found useful to have larger normalized image logslopes (NILs) than typically used for optical lithography, 20 in order to minimize LER and stochastic yield failures. This represents another constraint on OPC optimization. Table 3 . Phenomena that need to be considered for EUV OPC.
Phenomena Requirements
Conventional OPC considerations
CDs within specifications over a suitably large process window The continued use of chemically amplified resists interjects additional complexity to OPC, since the blur from the processes involved in the post-exposure bake step can be highly variable through pitch. 21 For some pitches, the image may be effectively blurred, but for others the image can effectively be sharpened. It will be challenging to account for this in computationally efficient models. This may provide further motivation to replace chemically amplified resists.
SUMMARY
The semiconductor industry is on the threshold of using EUV lithography in high volume manufacturing at the 7-nm node. Nevertheless, additional improvements, particularly for exposure tool reliability and mask defects, will be beneficial. There are considerable new challenges associated with EUV lithography at the 5-nm node. Chemically amplified resists may not be capable of supporting the 5-nm node, and OPC optimization will be very complex.
